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V(D)J Recombination Signal Recognition:
Distinct, Overlapping DNA±Protein Contacts
in Complexes Containing RAG1 with and without RAG2
While RAG1 and RAG2 are essential and sufficient for
initiation of V(D)J recombination, their relative roles in
RSS recognition and DNA cleavage are poorly under-
stood. Homology between residues 389 through 446 of
RAG1 and the DNA-binding domain of the prokaryotic
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invertase Hin, whose recognition site resembles the
nonamer, suggested that RAG1 may initiate binding to
the RSS (Difilippantonio et al., 1996; Spanopoulou et al.,
1996). Indeed, studies employing a one-hybrid assaySummary
(Difilippantonio et al., 1996) and surface plasmon reso-
nance (SPR) (Spanopoulou et al., 1996) have suggestedProtein interactions with V(D)J recombination signal
that RAG1 mediates RSS recognition primarily throughsequences (RSSs) were mapped in complexes con-
the nonamer and that this interaction involves the Hintaining RAG1 with (M1/2) or without (M1) RAG2. In both
homology region. Mutations in this region of RAG1, fur-complexes, RAG interactions with the DNA backbone
thermore, result in substantial reduction or loss of re-are biased toward one side of the helix; nonamer con-
combination activity in vivo (Spanopoulou et al., 1996).tacts resemble those of Hin with hixL. In the M1 com-
Although RAG2 alone has no detectable DNA bindingplex, DNA contacts are centered on the nonamer. In
activity in vitro (Spanopoulou et al., 1996; Hiom andthe M1/2 complex, protein-RSS interactions extend
Gellert, 1997), three lines of evidence have suggestedthrough the spacer and into the nonamer-proximal
that RAG2 cooperates with RAG1 to enhance RSS bind-portion of the heptamer. Chemical modifications near
ing. First, in a one-hybrid assay RAG2 and RAG1 in-the heptamer-coding junction are overrepresented in
teract more strongly with an RSS than does RAG1 alonethe M1/2 complex, providing evidence for perturbation
(Difilippantonio et al., 1996). Second, formation of RSS-
of DNAstructure in this region. Thus, while RAG1 alone
dependent complexes in an electrophoretic mobility
can bind the nonamer, RAG2 is required for heptamer
shift assay (EMSA) requires both RAG1 and RAG2 (Hiom
occupancy. and Gellert, 1997). Third, radiolabeled substrate DNA is
sequestered from exchange with unlabeled competitor
by RAG1 and RAG2 but not by either protein alone (Li et
Introduction al., 1997). While RSS interactions with RAG1 alone are
insensitive to heptamer mutation (Difilippantonio et al.,
V(D)J recombination is mediated by heptamer and non- 1996; Spanopoulou et al., 1996), activities requiring both
amer signal sequences, separated by spacer regions of RAG1 and RAG2 show strong heptamer dependence
12 or 23 base pairs (bp) (Lewis, 1994). Rearrangement is (Difilippantonio et al., 1996; Hiom and Gellert, 1997).
initiated by the recombination activating proteins RAG1 Here, we present a detailed study of substrate recog-
and RAG2 (Schatz et al., 1989; Oettinger et al., 1990), nition by the RAG proteins in distinct complexes con-
which together cleave DNA at the borders between re- taining RAG1 in the presence or absence of RAG2. By
combination signal sequences (RSSs) and coding seg- modification interference and direct footprinting meth-
ments (McBlane et al., 1995; van Gent et al., 1995). DNA ods, these complexes were shown to contain distinct
cleavage occurs in two steps (McBlane et al., 1995). In but overlapping sets of protein-DNA contacts. While
RAG1 alone is able to make extensive contacts withthe first step, one DNA strand is nicked between the RSS
the nonamer, occupancy of the heptamer requires theheptamer and the coding sequence. This is followed by
participation of RAG2. Our results further suggest thata transesterification reaction in which the free hydroxyl
assembly of a ternary complex containing RAG1, RAG2,group at the 39 end of the coding sequence attacks a
and an RSS is accompanied by perturbation of substratephosphodiester on the opposite strand (van Gent et al.,
DNA structure at the heptamer-coding boundary, remi-1996). As a result, two DNA ends are produced: a signal
niscent of that that occurs in DNA transposition.end terminating in a blunt, 59-phosphorylated, double-
strand break, and a coding end terminating in a hairpin
(Roth et al., 1992, 1993; Schlissel et al., 1993; McBlane Results
et al., 1995; van Gent et al., 1995, 1996). RAG-mediated
nicking and transesterification have distinct signal se- RAG1 Supports Formation of Distinct DNA-Protein
quence requirements: a subset of nonamer mutations Complexes in the Presence and Absence of RAG2
coordinately impair nicking and hairpin formation, while Purified RAG proteins were examined by EMSA for their
certain heptamer mutations selectively abolish transes- ability to bind an RSS substrate bearing a 12 bp spacer.
terification (Cuomo et al., 1996; Ramsden et al., 1996; The proteins used in standard reactions consisted of
the core residues of RAG1 (amino acids 384±1008) orLi et al., 1997).
RAG2 (amino acids 1±387), fused at the amino terminus
to maltose-binding protein (MBP) and at the carboxyl
terminus to a myc epitope and a polyhistidine tag³To whom correspondence should be addressed (e-mail: sdesider
@bs.jhmi.edu). (McBlane et al., 1995; van Gent et al., 1995; Figure 1C).
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Figure 1. Analysis of RAG±DNA Complexes
(A) Labeled DNA probes carrying a wild-type,
12-spacer RSS (lanes 1±4), a mutant hep-
tamer (lanes 5±8), a mutant nonamer (lanes
9±12), or mutant heptamer and nonamer
(lanes 13±16) were incubated without protein
(lanes 1, 5, 9, and 13), with RAG1 (lanes 2, 6,
10, and 14), with RAG2 (lanes 3, 7, 11, and
15) or with RAG1 and RAG2 (lanes 4, 8, 12,
and 16) and analyzed by EMSA. M1 and M1/2
complexes are indicated. Wild-type or mutant
heptamer and nonamer sequences are shown
above.
(B) EMSA was performed as in (A) with probes
containing a wild-type, 12-spacer RSS (lanes
1±4), a point mutation at the first heptamer
position (hC1A, lanes 5±8), or a point mutation
at the sixth nonamer position (nA6C, lanes
9±12). Substrates were incubated without
protein (lanes 1, 5, and 9), with RAG1 (lanes
2, 6, and 10), with RAG2 (lanes 3, 7, and 11),
or with RAG1 and RAG2 (lanes 4, 8, and 12).
M1 and M1/2 are indicated.
(C) RAG1 and RAG2 fusion proteins with and
without myc tags are diagrammed above.
Maltose-binding protein (MBP), myc (M), and
polyhistidine (H) sequences are indicated by
shaded boxes. RAG2 and RAG1 residues are
numbered and indicated by open boxes.Puri-
fied fusion proteins were fractionated by
SDS-PAGE; the silver-stained gel is shown
below.
(D) Analysis of DNA-protein complexes by
antibody-induced supershift. Labeled probe
was incubated without protein (lanes 1 and
10) or with the following fusionproteins, alone
(lanes 2±5 and 11±14) or in pairwise combina-
tions (lanes 6±10 and 15±18) as indicated at
top: myc-tagged RAG1 (RAG1m), myc-tagged
RAG2 (RAG2m), untagged RAG1 (RAG1), and
untagged RAG2 (RAG2). After binding, reac-
tions were incubated further in the absence
(lanes 1±9) or presence (lanes 10±18) of 500 ng anti-myc antibody 9E10, and complexes were resolved by electrophoresis. Arrows at left
indicate positions of M1 and M1/2 complexes formed with myc-tagged and untagged RAG proteins.
The assay conditions employed here differed from those on intactRSS nonamer and heptamer sequences (Figure
1A, lanes 8, 12, and 16). In contrast, formation of thedescribed previously (Hiom and Gellert, 1997) in that
electrophoresis was carried out at 48C in the absence M1 complex did not require an intact heptamer (Figure
1A, lanes 6 and 8) but was partially impaired by mutationof glutaraldehyde cross-linking. Under these conditions,
a species of retarded mobility was observed in binding of the nonamer (Figure 1A, lanes 10 and 12). Some M1
formation was observed, however, even in the absencereactions containing RAG1 alone (M1; Figure 1A, lane
2) but not in reactions containing RAG2 alone (Figure of the heptamer and the nonamer (Figure 1A, lanes 14
and 16), suggesting that the M1 complex is stabilized1A, lane 3) or in the absence of added protein (Figure
1A, lane 1). In the presence of RAG1 and RAG2, two by specific and nonspecific protein-DNA interactions.
As previously seen with separately expressed RAGspecies were observed: a major complex (M1/2) of
slower mobility than the M1 species and a less abundant proteins (Hiom and Gellert, 1997), only a small fraction
of input oligonucleotide was incorporated into EMSAcomplex that comigrated with M1 (Figure 1A, lane 4).
Divalent metal cation was required for formation of M1/2 complexes. It was therefore important to assess the
physiologic relevance of these species. One way to as-but not M1 (data not shown). Both species were sensi-
tive to SDS or guanidinium chloride (data not shown). sociate a particular complex with biochemical function
was suggested by two classes of RSS mutation, whichThe M1 species was unexpected, as EMSA complexes
were not previously observed in the presence of RAG1 can be distinguished by their effects on RAG-mediated
DNA cleavage in vitro (Cuomo et al., 1996; Ramsden etalone (Hiom and Gellert, 1997); nonetheless, this obser-
vation was consistent with the detection of RAG1-DNA al., 1996; Li et al., 1997). A mutation of the first class,
which impairs both nicking and transesterification, re-interactions by other means (Difilippantonio et al., 1996;
Spanopoulou et al., 1996). duces the stability of RAG association with substrate
DNA, while a mutation of the second class, which selec-Consistent with previous results (Hiom and Gellert,
1997), formation of the M1/2 complex was dependent tively abolishes hairpin formation, has no effect on the
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half-life of the RAG-RSS complex (Li et al., 1997). Forma-
tion of M1/2 was abolished by the first class mutation
nA6C (Figure 1B, lane 12) but not by the second class
mutation hC1A (Figure 1B, lane 8). Neither mutation abol-
ished formation of M1 (Figure 1B, lanes 6, 8, 10, and
12). These effects support the interpretation that M1/2
represents a precleavage complex associated with V(D)J
recombination.
Composition of RAG1-Independent and
RAG1/RAG2-Dependent Complexes
To probe the compositions of the M1 and M1/2 com-
plexes, MBP fusions of RAG1 and RAG2 lacking the myc
epitope were constructed (Figure 1C, upper). Purified
untagged and tagged RAG proteins (Figure 1C, lower),
alone or combined pairwise, were then tested for sub-
strate binding by EMSA in the absence (Figure 1D, lanes
1±9) or presence (Figure 1D, lanes 10±18) of anti-myc
antibody 9E10. Discrete complexes corresponding to
M1 were obtained from reactions containing tagged
(Figure 1D, lane 2) or untagged (Figure 1D, lane 3) RAG1.
These migrated with slightly different mobilities, re-
flecting the presence or absence of the myc epitope. In
the reaction containing epitope-tagged RAG1, the M1
complex was abolished by addition of the anti-myc anti-
body, and in its place several species of slower mobility
were observed (Figure 1D, lane 11). These slower com-
plexes were undetectable in reactions containing anti-
body alone (Figure 1D, lane 10). Moreover, the M1 com-
plex formed in the presence of untagged RAG1 was not
affected by the anti-myc antibody (Figure 1D, lane 12).
M1/2 complexes were detected in reactions con-
taining combinations of tagged or untagged RAG1 and
RAG2 (Figure 1D, lanes 6±9). M1/2 complexes formed
with tagged RAG1 and tagged RAG2, untagged RAG1
and tagged RAG2, or tagged RAG1 and untagged RAG2
were all shifted by addition of anti-myc antibody (Figure
1D, lanes 15±17), while the M1/2 complex formed with
untagged RAG proteins was unperturbed (Figure 1D,
lane 18). The M1 species was also detected in reactions
containing RAG1 and RAG2 (Figure 1D, lanes 6±9); its
mobility was unperturbed by antibody in reactions con-Figure 2. Activities of RAG1 Mutants in Recombination, DNA Cleav-
age, or Substrate Binding taining untagged RAG1 (Figure 1D, lanes 16 and 18).
(A) RAG1 is diagrammed at top; the core (residues 384±1008) is From these results, we conclude that the M1 complex
marked by an overline. Mutated intervals are shaded and numbered. contains one or more molecules of RAG1 while the M1/2
Mutations are indicated below and designated at left. complex contains both RAG1 and RAG2.
(B) Wild-type and mutant RAG fusion proteins were purified, frac-
tionated by SDS-PAGE, and detected by silver staining. Protein was
Effects of RAG1 Mutations on Recombination,quantified by densitometry; amounts of proteins, normalized to wild-
DNA Cleavage, and DNA Bindingtype RAG1, are indicated below. RAG1(424/433) and RAG1(594/596)
were obtained at low yield, and their substrate cleavage and DNA To assess the functional significance of the DNA-protein
binding activities could not be assessed. complexes described above, we tested the effects of
(C) Activities of RAG1 mutants in V(D)J recombination. Myc-tagged RAG1 mutations on in vitro cleavage, in vivo recombina-
wild-type or mutant forms of RAG1 were coexpressed with full-
tion, and DNA mobility shift. Three sets of alanine replace-length RAG2 in 293 cells, and signal joint formation was assayed
ment mutations were made (Figure 2A). The first set,using pJH200. Upper panel, percent recombination, calculated as
described (Hesse et al., 1987); values represent the means of at
least three independent experiments. Lower panel, expression of
RAG1 protein in transfected cells, detected by immunoblotting with
antibody 9E10. Lane 1, vector alone; lane 2, RAG1 alone; lane 3, mutant RAG1 proteins as indicated (lanes 4±14). Lower panel, pro-
RAG2 alone; lanes 4±16, RAG2 and wild-type (wt) or mutant RAG1 tein-DNA complexes detected as in Figure 1. M1 and M1/2 com-
proteins as indicated. plexes are indicated by arrows at left. Upper panel, hairpin formation
(D) Activities of RAG1 mutants in DNA binding and cleavage assays. was quantitated by phosphorimager and normalized to the amount
Radiolabeled wild-type substrate DNA was incubated under binding of RAG1 protein in the reaction, as determined in (B). Values are
or cleavage conditions with buffer alone (lane 1), wild-type RAG1 expressed relative to reactions with wild-type, in which 24.2% of
alone (lane 2), RAG2 alone (lane 3), or RAG2 and wild-type (wt) or input substrate was converted to hairpin.
Immunity
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Figure 3. Modification Interference and Di-
rect Footprinting in a 12-Spacer Complex
Containing RAG1 and RAG2
(A) Ethylation interference. Cleavage prod-
ucts from free and bound DNA were fraction-
ated by gel electrophoresis. Phosphorimager
traces are shown for 12-spacer substrates
from binding reactions inwhich the topstrand
(upper) or bottom strand (lower) was radiola-
beled. The positions of the heptamer (7) and
nonamer (9) are indicated by bars. Regions
of interference are bounded by vertical lines
and marked by arrows.
(B) DMS modification interference. Cleavage
products from free or bound DNA, radiola-
beled on the top strand (left) or bottom strand
(right), were fractionated by gel electrophore-
sis and detected by phosphorimager analy-
sis. The heptamer (7) and nonamer (9) are
indicated by vertical bars. Open arrowheads
mark positions of strongest interference.
Lanes 1 and 5, G-specific sequencing tracts;
lanes 2 and 6, T-specific sequencing tracts;
lanes 3 and 7, products from free DNA; lanes
4 and 8, products from the bound fraction.
(C) KMnO4 modification interference. Autora-
diographs are labeled as described in (B).
Closed arrowheads mark positions at which
modification is overrepresented in the bound
fraction.
(D) OP-Cu footprinting. Bound and free DNA
fragments were recovered from a gel treated
with OP-Cu; cleavage products were fraction-
ated by gel electrophoresis. Aligned phos-
phorimager traces of free and bound DNA are
shown for binding reactions in which the top
strand (upper) or bottom strand (lower) was
radiolabeled. Areas of protection are desig-
nated as in (A). A prominent signal in the
bound fraction of the upper panel represents
a nick introduced by RAG1 and RAG2 at the
heptamer-coding border.
covering residues 384 through 443, extends from the RSS-dependent DNA cleavage activity and DNA binding
in vitro (Figure 2D). RAG1(607/611), RAG1(615/618), andamino-terminal end of thecore region through the region
of homology to the Hin helix-loop-helix domain (Spano- RAG1(1004/1008) had recombination activities similar
to that of wild-type RAG1 in vivo (Figure 2C, lanes 12,poulou et al., 1996). Mutations in this region impair re-
combination in vivo and DNA binding in vitro (Difilippan- 13, and 16). As expected, these mutants supported DNA
cleavage in vitro in the presence of RAG2 (Figure 2D,tonio et al., 1996; Spanopoulou et al., 1996). The second
set of mutations, introduced between residues 594 and lanes 10, 11, and 14).
Consistent with previous studies (Sadofsky et al.,618, lies near a region implicated in interactions with
antigen receptor coding flanks (Sadofsky et al., 1995; 1994; Spanopoulou et al., 1996), all other mutants ex-
hibited a decrease of at least 80-fold in overall V(D)JRoman and Baltimore, 1996). The third group of muta-
tions extends from residue 995 through residue 1008; recombination activity relative to wild-type RAG1, de-
spite their expression at similar levels (Figure 2C, lanestruncations into this region impair recombination activity
in vivo (Sadofsky et al., 1993). Fusion proteins containing 5±11, 14, and 15). The DNA cleavage activities of RAG1
(384/393), RAG1(394/403), RAG1(404/413), RAG1(414/the core regions of RAG1 mutants were expressed and
purified; their overall yields varied (Figure 2B, lanes 3±14) 423), RAG1(434/443), RAG1(995/998), and RAG1(999/
1003), as assessed by hairpin formation in vitro, weredespite similar expression levels in whole cell lysates
as measured by immunoblotting (data not shown). also abolished or profoundly impaired (Figure 2D, lanes
5±9, 12, and 13). Poor solubility of RAG1(424/433) andTo assess recombination activity in vivo, wild-type or
mutant forms of core RAG1 were coexpressed with full- RAG1(594/596) precluded in vitro assays of these mu-
tants. The lack of a quantitative correlation betweenlength RAG2 in 293 cells and assayed for the ability to
support signal joint formation on the substrate pJH200 recombination frequency and hairpin formation may re-
flect differences between the two assays with respect(Hesse et al., 1987) (Figure 2C); purified mutant and wild-
type RAG1 fusion proteins were assayed in parallel for to the stability of individual RAG1 mutants.
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Figure 4. Modification Interference in a 12-
Spacer Complex Containing RAG1 Alone
Patternsof ethylation, DMS, and KMnO4 inter-
ference are shown in (A), (B), and (C), respec-
tively. Data are displayed as described in Fig-
ures 3A±3C.
The ability of RAG1 mutants to associate with sub- backbone interactions were assessed by ethylation in-
terference. RSS substrates bearing ethylated phos-strate DNA in the presence of RAG2 was examined by
EMSA. Formation of the M1/2 complex was abolished phates on one strand were incubated with RAG1 and
RAG2 in the presence of Ca11; the resulting M1/2 com-or greatly impaired by mutations RAG1(384/393), RAG1
(394/403),RAG1(404/413),RAG1(414/423), and RAG1(434/ plex formed in these reactions was separated from free
DNA by EMSA. Phosphates whose modification disrupts443), which span the Hin homology region (Figure 2D,
lanes 5±9). The minor species near the M1/2 position in binding were identified by comparing alkali-generated
cleavage products obtained from bound and free DNA.some of these lanes comigrates with a band of similar
intensity formed by RAG1 in the absence of RAG2 (Fig- A periodic interference pattern was observed in the
bound DNA when either strand was ethylated (Figureure 2D, lane 2). Formation of the M1 complex was also
impaired, albeit partially, by mutations in the Hin homol- 3A). On the top strand (defined as the strand that is
nicked by RAG), two clusters of five residues exhibitedogy region (Figure 2D, lanes 5±9). The incompleteness
of this effect is consistent with the interpretation that strong intereference in the M1/2complex. On the bottom
strand, interference was also observed at two intervals.the M1 complex comprises specific and nonspecific
interactions and that specific interactions are preferen- The centers of the two ethylation interference regions
on each strand are separated by about one turn of thetially impaired by mutations in the Hin homology region.
RAG1(607/611), RAG1(615/618), and RAG1(1004/1008) DNA helix; between strands, these regions are stag-
gered by one half-turn (Figure 6A). Thus, the sites ofsupported detectable levels of M1 and M1/2 complex
formation (Figure 2D, lanes 10, 11, and 14). RAG1(995/ ethylation intereference, which extend from the non-
amer-proximal portion of the heptamer into the A/T-rich998) and RAG1(999/1003) may represent structural mu-
tants, as they are inactive in DNA binding (Figure 2D, cluster of the nonamer, are strongly biased toward one
side of the DNA (Figure 7).lanes 12 and 13) as well as recombination and DNA
cleavage. The effects of guanine- and thymine-specific modifi-
cation on formation of the M1/2 complex were also as-
sessed by interference (Siebenlist and Gilbert, 1980;Protein-DNA Contacts in a 12-Spacer RSS
Complex Containing RAG1 and RAG2 Truss et al., 1990). Top or bottom strand oligonucleo-
tides were treated with dimethyl sulfate (DMS) or potas-We proceeded to map contacts between substrate DNA
and the RAG proteins in the M1/2 complex. Phosphate sium permanganate (KMnO4), which react with G or T
Figure 5. Modification Interference in a 23-
Spacer Complex Containing Both RAG1 and
RAG2
Patternsof ethylation, DMS, and KMnO4 inter-
ference are shown in (A), (B), and (C), respec-
tively. Data are displayed as described in Fig-
ures 3A±3C.
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Figure 6. RSS Interactions with RAG1 and
RAG2
(A) Patterns of modification interference and
protection for the 12-spacer substrate bound
by RAG1 and RAG2 (M1/2). The differential
representation of each DMS (hatched bars)-
or KMnO4 (solid bars)-modified position in
bound versus free DNA was calculated from
the data of Figure 3 by subtracting the natural
logarithm of the fractional abundance of
cleaved product at each position (n) in free
DNA [Ln(Fn)] from the natural logarithm of the
fractional abundance at the same position (n)
in bound DNA [Ln(Bn)]. The resulting values
for Ln(Bn)-Ln(Fn) are graphed as a function of
nucleotide position. A negative value indi-
cates that modification interferes with bind-
ing; a positive value indicates enhanced bind-
ing. Sites of ethylation interference (closed
circles) and protection from OP-Cu cleavage
(open triangles) are summarized from data of
Figure 3.
(B) Pattern of modification interference for the
12-spacer RSS substrate bound by RAG1
only (M1), displayed as described in (A).
(C). Pattern of modification interference for the
23-spacer RSS substrate bound by RAG1 and
RAG2 (M1/2), displayed as described in (A).
residues to produce N-7 methylguanine or a C5, C6 structure induced by KMnO4 at these positions appear
to enhance binding of RAG proteins to the RSS.glycol of thymine, respectively. Following annealing,
M1/2 complexes were formed in the presence of Ca11. Protein-DNA interactions in the M1/2 complex were
assessed directly by a phenanthrolate-copper (OP-Cu)Bound and free DNA fragments were isolated and
cleaved by piperidine. Underrepresented cleavages in footprinting assay, which specifically reveals minor
groove contacts (Sigman et al., 1991). In the bound frac-the bound fraction indicate positions at which chemical
modification interferes with formation of the M1/2 com- tion, suppression of OP-Cu-induced cleavage was ob-
served at positions 3±8 of the nonamer on the upperplex (Figures 3B and 3C; Figure 6A). While N7-methyla-
tion of guanine affects major groove contacts (Siebenlist strand and at the first two nonamer residues on the
lower strand; protection from OP-Cu was also seen atand Gilbert, 1980), glycolization of thymine displaces
the modified base (Kung and Bolton, 1997), potentially positions 3, 4, and 7 in the spacer region on the lower
strand (Figure 3D; Figure 6A). An incidental observationdisrupting major and minor groove contacts. Clusters
of interference were observed at residues five (hG5), six was a prominent nick in the bound DNA at the heptamer-
coding junction, suggesting that Cu11 can support RAG-(hT6), and seven (hG7) of the heptamer and at residues
one through seven of the nonamer (nT1, nG2, and nT3± mediated strand scission.
nT7), as numbered in the sense orientation (Figure 6A).
A third cluster of interference was observed in the hep- Protein-DNA Contacts in a 12-Spacer RSS
Complex Containing RAG1 Alonetamer-proximal half of the spacer region (sT2, sT3, sG4,
sT5, sG6, and sT7); conservation of nucleotide sequence We wished next to establish a similar map of protein-
DNA contacts for theRAG2-independent RAG1 complexin this portion of the spacer had been noted previously
(Ramsden et al., 1994). In contrast, modification was (M1). The partial dependence of the M1 complex on the
nonamer and on an intact Hin homology region wasoverrepresented at T residues spanning the 59 portion
of the heptamer and the adjacent basepair in the coding consistent with one-hybrid and SPR experiments (Di-
filippantonio et al., 1996; Spanopoulou et al., 1996) andregion; overrepresentation of a modified T residue was
also detected in the spacer immediately upstream of suggested that the DNA-protein contacts in the M1 com-
plex might represent a subset of those found in the M1/2the nonamer (sT12). Thus, alterations of oligonucleotide
DNA Recognition by RAG1 and RAG2
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Figure 7. Arrangement of RAG±DNA Con-
tacts in the M1/2 Complex Containing a 12-
Spacer Substrate
The region of the substrate spanning the RSS
is modeled as B DNA. Models in upper and
lower panels are rotated 1808C relative to one
another. The heptamer and nonamer are de-
picted in yellow except for sites of interaction
with RAG proteins, which are designated as
follows. Red, phosphate groups exhibiting
ethylation interference. Bright green, sites of
strong DMS interference at N7 of guanine;
dark green, sites of KMnO4 interference at
thymine. Magenta, thymine bases at which
KMnO4 modification is overrepresented in the
bound fraction. Cyan, C1' atoms at positions
of OP-Cu protection in bound DNA. Selected
atoms or groups of atoms in the heptamer,
spacer, and nonamer are indicated. For de-
tails, see text.
complex. Interference experiments were performed as overrepresented thymine modifications were seen at
above. On the top strand, ethylation interference was spacer residues sT8 and sT11. In contrast to results ob-
limited to the five spacer positions proximal to the non- tained with the 12-spacer M1/2 complex, no significant
amer; in contrast to results obtained for the M1/2 com- interference was observed in the 39 portion of the hep-
plex, interference was not observed in the spacer-proxi- tamer or in the heptamer-proximal portion of the spacer.
mal portion of the heptamer and the heptamer-proximal
spacer region (Figure 4A; Figure 6B). On the bottom Discussion
strand, the M1 interference pattern was similar to that
of M1/2, although the intensity of interference in the Interactions of RAG Proteins
heptamer-proximal spacer region was lower (Figure 4A; with the DNA Backbone
Figure 6B). Consistentwith the lack of ethylation interfer- We observed two types of complex between DNA and
ence in the heptamer region, base-specific contacts in the RAG proteins: (1) an RSS-dependent, Me11-depen-
the M1 complex, as assessed by DMS and KMnO4 inter- dent complex containing RAG1 and RAG2 (M1/2); and (2)
ference, were restricted to the nonamer and the two a Me11-independent complex, containing RAG1 alone,
adjacent spacer positions (Figures 4B and 4C; Figure which is stabilized by specific and nonspecific protein-
6B). Nonetheless, the interference patterns obtained for DNA interactions (M1). In the 12-spacer M1 complex,
the M1 and M1/2 complexes in the region spanning the
RAG1 makes extensive contact with the phosphate
nonamer and nonamer-proximal spacer were qualita-
backbone in a region extending from the third basepair
tively and quantitatively similar (Figures 6A and 6B).
of the spacer through the sixth basepair of the nonamer
Thus, the protein-RSS contacts in the M1 complex rep-
(Figure 6B); base-specific contacts, however, are re-resent a subset of those observed in the M1/2 complex.
stricted to the nonamer and the two nonamer-proximal
spacer residues (Figure 6B). Phosphate and base-spe-Protein-DNA Contacts in a 23-Spacer RSS
cific contacts are expanded in the 12-spacer M1/2 com-Complex Containing RAG1 and RAG2
plex to include the last three residues of the heptamerLast, we used modification interference to define RAG-
and the entire spacer region (compare Figures 6A andDNA contacts ina RAG2-dependent complex containing
6B). Extensive phosphate contacts may contribute toa 23-spacer RSS (M1/2). The substrate DNA was identi-
the nonspecific component of DNA binding by RAG1,cal to the 12-spacer duplex except for a spacer insertion
as detected by EMSA (Hiom and Gellert, 1997; Figureof 11 bp. On the top strand, ethylation interference was
1) and SPR (Spanopoulou et al., 1996). Backbone con-observed at three nonamer-proximal spacer positions
tacts are strongly biased toward one side of the helix,(Figure 5A; Figure 6C). On the bottom strand, interfer-
indicating that the RAG proteins interact predominantlyence was observed in a 6 bp region centered on non-
with one face of the DNA (Figure 7). This orientationamer positions 3 and 4 (Figure 5A; Figure 6C). The two
could reflect a physical constraint onsimultaneous bind-sites of interference are separated by about one half-
ing of the heptamer and nonamer; improper spacingturn of the DNA helix, consistent with data obtained for
of these elements would then impair RAG binding bythe 12-spacer substrate. In the nonamer and the non-
shifting critical DNAcontacts out of phase, as suggestedamer-proximal spacer region, the interference patterns
by impairment of RAG-mediated DNA cleavage uponat guanine and thymine residues were similar to those
alteration of heptamer-nonamer spacing by half helicalseen in the 12-spacer M1/2 complex, as were the over-
turns (Cuomo et al., 1996; Ramsden et al., 1996). Con-represented modifications in the 59 portion of the hep-
centration of RAG contacts on one side of the DNA helixtamer and at the coding position adjacent to the hep-
tamer (Figures 5B and 5C; Figure 6C). In addition, two could leave backbone residues on the opposite side
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free for other interactions, such as synapsis with a sec- this part of the heptamer, but not the coding-proximal
portion, is essential for stable RAG-DNA binding (Hiomond RAG-RSS complex, binding to non-RAG compo-
nents of the recombination machinery, or association and Gellert, 1997). These data also agree with the obser-
vation that mutations at the two coding-proximal hep-with chromatin components.
tamer positions permit nicking with normal efficiency
(Cuomo et al., 1996; Ramsden et al., 1996; Li et al., 1997).Similarity between RAG-Nonamer
The heptamer mutation hC1A, a member of this class,and Hin-hixL Interactions
had no effect on the half-life of RAG-RSS associationIn the 12-spacer and 23-spacer complexes, extensive
in a prenicking complex (Li et al., 1997) or on formationmajor and minor groove contacts with the nonamer are
of the M1/2 complex (Figure 1B), consistent with theobserved. These interactions are attributable to RAG1,
observation that methylation of the G residue oppositeas the nonamer modification patterns in the M1 and
hC1 does not impair binding (Figure 6A).M1/2 complexes are superimposable (Figures 6A, 6B,
Interference with RAG binding was seen upon modifi-and 6C). Strong N7 methyl interference at G2 indicates
cation of residues in the heptamer-proximal portion ofoccupancy of the major groove near this residue; in
the 12-bp spacer, although the effect was weaker thanthe 12-spacer M1/2 complex, protection from OP-Cu
observed for nonamer or heptamer modifications. Se-cleavage at positions 1 and 2 on the bottom strand and
quence conservation has been noted in the heptamer-positions 3±8 on the top strand suggests that nearly the
proximal portions of the 12 and 23 bpspacers (Ramsdenentire nonamer minor groove is in contact with RAG1.
et al., 1994), and mutation of the A/T basepair at the fifthKMnO4 interference, which disrupts major and minor spacer position diminishes recombination efficiency ingroove contacts (Kung and Bolton, 1997), yields a pat-
vivo (Ramsden et al., 1994). The close apposition of thetern consistent with DMS interference and OP-Cu foot-
RAG proteins to the heptamer-proximal portion of theprinting.
12 bp spacer in the M1/2 complex is consistent withRAG-nonamer contacts are remarkably similar to
conservation of sequence in this region.those of the Hin recombinase bound to its half site hixL
In the 23-spacer RSS complex, interference was not(Feng et al., 1994). The DNA-binding portion of Hin is a
convincingly detected in the heptamer or spacer re-three a helix bundle; helix 3 occupies the major groove
gions. This may reflect the relative inefficiency withof hixL (Feng et al., 1994). The principal base-specific
which 23-spacer substrates are bound by RAG proteinsinteractions between helix 3 and the hixL major groove
in the absence of a DNA bending protein such as HMG-1are at positions corresponding to the first two basepairs
(Hiom and Gellert, 1997; van Gent et al., 1997), underof the RSS nonamer (Feng et al., 1994). As observed for
which conditions coengagement of heptamer and non-the RAG proteins, binding of Hin to hixL is impaired by
amer are likely to be hindered.methylation of the residue corresponding to nG2 of the
nonamer (Glasgow et al., 1989). The amino-terminal arm
of the Hin binding domain, whose sequence (GGRPR) Structural Distortion of DNA in 12- and 23-Spacer
is identical to residues 389±393 of RAG1, occupies the RAG-RSS Complexes
minor groove of the hixL site near A/T basepairs corre- The efficiency of hairpin formation in vitro is influenced
sponding to nonamer positions 5 and 6 (Feng et al., by the coding sequence adjacent to the RSS. Hairpin
1994). Three additional lines of evidence indicate similar- formation is inhibited by flanks AC, TC, and GG; this
ity between Hin-hixL and RAG1-nonamer interactions: inhibition can be overcome by introducing unpaired
(1) point mutations at the fifth position of the nonamer bases in the adjacent DNA, which has ledto the proposal
or its counterpart in hixL impair binding by the RAG that the RAG proteins unpair DNA at the site of cleavage
proteins or Hin, respectively (Figure 1B; Hughes et al., (Cuomo et al., 1996; Ramsden et al., 1996).
1992); (2) mutations in the GGRPR motif of Hin (Sluka The overrepresentation of KMnO4-modified thymineet al., 1990) or RAG1 (Figure 2D; Difilippantonio et al., residues provides physical evidence that RAG1 and
1996; Spanopoulou et al., 1996) severely impair specific RAG2 distort DNA structure near the heptamer-coding
DNA binding; and (3) the Hin homeodomain can replace junction. In the 12-spacer and 23-spacer M1/2 com-
the corresponding region of RAG1 in functional assays plexes, thymine modifications were overrepresented at
(Spanopoulou et al., 1996). the secondheptamer position, the fourth heptamer posi-
tion, and the coding basepair immediately adjacent to
the heptamer (Figures 6A and 6C). Glycolization of thy-Interactions with the Heptamer and Spacer Region
Although RAG1 makes extensive backbone contacts in mine by KMnO4 displaces the base and disrupts A-T
basepairing (Kung and Bolton, 1997). KMnO4 modifica-the spacer, formation of M1 is not greatly perturbed by
base-specific modifications in this region (Figure 6B). tion has been used to detect distortion of DNA at pro-
moters and DNA replication origins (Frappier and O'Don-In the M1/2 complex, in contrast, there is substantial
overlap between the backbone and base-specific inter- nell, 1992; Ohlsen and Gralla, 1992). Our results indicate
that perturbations introduced by KMnO4 in the 59 portionference patterns (Figure 6A), consistent with the inter-
pretation that intimate contact between RAG1 and DNA of the heptamer and at the coding flank strengthen RAG-
RSS binding, suggesting that formation of the M1/2outside the nonamer requires RAG2.
In the 12-spacer M1/2 complex, RAG-RSS contacts complex involves distortion of DNA in this region. As
has been noted (Cuomo et al., 1996; Ramsden et al.,are clustered at the spacer-proximal end of the hep-
tamer and involve the major groove (Figures 6A and 7). 1996), severe DNA strand bending is essential for forma-
tion of DNA hairpins. In the related Mu transpositionThe interference data are consistent with evidence that
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reaction, unpairing of flanking DNA assists in formation Baltimore,1996), suggesting an interaction between RAG1
and the heptamer-coding junction. This would supportof the transpososome (Savilahti et al., 1995). Distortion
of helical structure by the RAG proteins at the heptamer- the interpretation that RAG2 stabilizes association of
RAG1 with the upstream portion of the RSS, althoughcoding junction may facilitate transesterification in V(D)J
recombination. direct interactions of RAG2 with the RSS as yet cannot
be ruled out.In the 23-spacer complex, overrepresentation of KMnO4
modification near the heptamer-coding boundary con- How might RAG2 alter occupancy of the RSS by
RAG1? One possibility is that association with RAG2trasts with lack of interference in the heptamer (Figure
6C). These observations canbe reconciled if KMnO4 modi- somehow changes the conformation of RAG1. Alterna-
tively, or in addition, RAG2 might alter the stoichiometryfication at the heptamer-coding junction mimics a reac-
tion intermediate whose formation requires prior bind- of RAG1-DNA association, thereby permitting the coop-
erative stabilization of otherwise weak interactions. Res-ing, but not subsequent maintenance, of RAG contacts
with the heptamer and nonamer. In this model, M1/2 olution of this issue will require further characterization
of the RAG±RSS complexes, including the mapping ofwould contain both initial and isomerized RAG-DNA
complexes, the latter predominating in reactions per- DNA contacts onto the bound proteins.
formed with the modified 23-spacer substrate.
In all complexes examined, KMnO4 modification was Experimental Procedures
overrepresented at the spacer position immediately up-
DNA Constructs and Site-Directed Mutagenesisstream of the nonamer (Figures 6A, 6B, and 6C). Strong
Maltose-binding protein (MBP) fusions containing RAG2 (residuesenhancements were also observed at positions 8 and
1±387) or RAG1 (residues 384±1008) cores, tagged at the carboxyl
11 of the 23 bp spacer. Such localized structural pertur- terminus with a myc epitope and polyhistidine, have been described
bations could facilitate simultaneous interaction of the (McBlane et al., 1995; van Gent et al., 1995). DNA fragments encod-
RAG proteins with the heptamer and nonamer elements. ing these proteins (gifts of Drs. Dik van Gent and Martin Gellert) were
cloned between the BamHI and NotI sites of pcDNA-1 (Invitrogen) toWhile this work was in preparation, others presented
create pcDNAR1 and pcDNAR2. Plasmids encoding RAG fusionmethylation interference and DNase I footprinting data
proteins lacking myc epitope tags were also constructed. pcDNAR2-for RAG±RSS complexes formed in Mg11 (Nagawa et
Myc(2) encodes an MBP fusion to residues 1±418 of RAG2, termi-
al., 1998). In agreement with our results, RAG1-nonamer nating in nine His residues. pcDNAR1-Myc(2) encodes an MBP
interactions were observed, and their similarity to Hin- fusion to residues 384±1040 of RAG1 lacking a carboxy-terminal
hixL interactions was noted. In the previous study, how- polyhistidine sequence.
Three sets of clustered alanine substitutions were introduced intoever, RAG±RSS contacts were largely limited to the non-
RAG1 (Figure 2A) using divergent (codons 384 to 443; Li et al., 1996)amer and the two flanking spacer residues. Moreover,
or standard (codons 594 to 618 and 995 to 1008) PCR methods.RAG2 was concluded to play little if any role in RSS
The resultant constructs [of which pBSR1MBP(2) designates the
recognition. Our results differ substantially in three re- wild-type] contained wild-type or mutant core RAG1, myc, and
spects. First, in complexes containing both RAG1 and polyhistidine sequences in pBluescript KS(II). The identities of mu-
RAG2, we observed more extensive protein-DNA inter- tant plasmids were verified by nucleotide sequence analysis. Se-
quences of oligonucleotides used to generate mutations are avail-actions, including backbone and base-specific contacts
able upon request.extending through the spacer into the heptamer. Sec-
To express RAG1 for recombination assays, KpnI (blunt)±NotIond, we have shown that RAG2 plays a critical role in the
fragments from pBSR1MBP(2) or its derivatives were cloned be-
establishment of these extended protein-DNA contacts. tween the HindIII (blunt) and NotI sites of pcDNA1. The plasmid used
Third, our analysis has provided evidence for perturba- for expression of full-length RAG2, pcRAG2, has been described (Lin
tion of DNA structure upon RAG binding to the RSS. and Desiderio, 1993). To facilitate purification, mutant RAG1 coding
sequences were fused to the MBP coding sequence by introductionThe failure of theprevious study to detecta collaboration
of the KpnI fragment of pDVG26 (McBlane et al., 1995) into deriva-between RAG2 and RAG1 in establishing RSS contacts
tives of pBSR1MBP(2). BamHI±NotI fragments from the resultingmay be due to any of several factors, including: (1) the
pBSR1MBP(1) plasmid series were cloned into pcDNA1 as above.
use of baculovirus coexpressed RAG1 and RAG2, as
RAG2 itself is not active when purified from insect cells Cell Culture, Transfection, and Protein Purification
(McBlane et al., 1995) and may only be partially active The 293 cell line was maintained in Dulbecco's modified Eagle's
in binding assays when coexpressed with RAG1; (2) medium (DMEM) supplemented with 10% fetal bovine serum. RAG
expression constructs were cotransfected with pRSV-T into 293the use of Mg11, resulting in accumulation of nicked
cells by the calcium phosphate method.substrate that could have masked detection of hep-
For purification of RAG fusion proteins, pcDNAR1 (wild-type ortamer contacts; and (3) differences in the nucleotide
mutant) or pcDNAR2 were transfected separately into 293 cells.
sequences of DNA substrates. Typically 10±15 mg of each plasmid was transfected per 10 cm
culture plate, although 2 to 3 times that amount was used when
mutations in RAG1 impaired overall yield. Fusion proteins were puri-
Collaboration between RAG2 and RAG1 fied by amylose affinity chromatography as described (Li et al.,
1997), except that Mg11 was omitted from buffer WB.in RSS Recognition
In working with RAG1 to expand RAG±RSS interactions,
Electrophoretic Mobility Shift and DNA Cleavage AssaysRAG2 may act directly or indirectly, by acquiring the
EMSA was carried out as described (Hiom and Gellert, 1997), exceptability to bind the RSS in the presence of RAG1 or by
that glutaraldehyde was omitted, and electrophoresis was carriedmodifying occupancy of the RSS by RAG1. While these
out at 48C. The wild-type probe for standard assays was a 50 bp,
models are not mutually exclusive, certain RAG1 muta- duplex oligonucleotide containing a single, 12-spacer RSS, formed
tions confer sensitivity to alterations in coding sequence by annealing DAR39 to its complement DAR40 (McBlane et al.,
1995). The mutant SD2502/SD2503 was identical to DAR39/DAR40flanking the RSS (Sadofsky et al., 1995; Roman and
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except that the heptamer sequence was changed to 59-ACG Hughes Medical Institute Biopolymers Facility at Johns Hopkins
CTGA-39. The nonamer mutant SD2504/SD2505 was identical to (Clark Riley, Director) for oligonucleotides. Nick Dordai provided
DAR39/DAR40 except that the nonamer sequence was replaced by expert technical assistance. This work was supported by the How-
59-AGTCTCTGT-39. SD2507/SD2506 was a double mutant whose ard Hughes Medical Institute and by grant CA16519 from the Na-
heptamer and nonamer sequences correspond to those of SD2502/ tional Cancer Institute. P. C. S. is an Associate of the HowardHughes
SD2503 and SD2504/SD2505, respectively. Point mutated versions Medical Institute.
of DAR39/DAR40 are described in the Results.
Binding reactions (10 ml) contained 0.02 pmol 32P-labeled sub- Received May 1, 1998; revised June 15, 1998.
strate DNA, 100 nM nonspecific duplex oligonucleotide DAR81/82
(Hiom and Gellert,1997), 30 ng RAG1 (less for certain RAG1 mutants)
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